[1] The diffusion of trace gases in snow and firn is a crucial process for snow-atmosphere interactions and air mixing in firn. It is very sensitive to interactions of the trace gas with the ice surface. We developed an experimental setup to measure the effective diffusion constant of nitrogen oxides (NO x = NO + NO 2 ) and the highly soluble nitrous acid (HONO). The method combines X-ray microtomography and a radioactive tracer technique: tomography provides the microscopic configuration of the pore space as well as the amount of ice surface accessible for the gas, while radioactively labeled molecules reveal the dynamics of diffusion. Bringing together the precise characterization of snow microstructure and the dynamics of tracer diffusion, the partitioning between gas phase and ice can be studied. We present results measured in two different snow types, fresh snow and aged, rounded snow. The fast diffusion of NO and NO 2 was measured by analyzing the temporal evolution of their gas phase concentration downstream of the snow samples. The effective diffusivity of HONO could be directly measured from the steady state migration profiles of radioactively labeled HO 13 NO molecules. The measured effective diffusion constants of NO and NO 2 agree well with the theory of diffusion in porous media. This underlines that tomography may be used to map diffusivity in snow or firn with high spatial resolution. Owing to the interactions of HONO with ice, the effective diffusion constant of HONO was 2 to 3 orders of magnitude smaller than the diffusivity in air.
Introduction
[2] Snow on the ground is a highly porous material. Its interstitial air can mix and be exchanged with the overlaying atmosphere. Because snow is acting as a photochemical reactor, these exchanges affect the chemical composition of the lower atmosphere [Grannas et al., 2007; Dominé and Shepson, 2002] .
[3] The transport of trace gases in snow depends on the interplay of advection in the gas phase, local adsorption, diffusion into the bulk ice, and the gas phase diffusion through the pores of the snow Dominé et al., 2008] . Modeling these coupled transport processes is difficult, especially as experimental data on thermodynamic and kinetic parameters governing these individual processes are scarce.
[4] Diffusion is defined as the net transport, resulting from a concentration gradient, of material within a single phase (contrary to the effective diffusion defined below), in the absence of mixing [Reid et al., 1987] . The rate of diffusive transport is determined by the diffusion coefficient or the diffusivity [Reid et al., 1987] . In the case of a random heterogeneous material like snow (consisting of the two phases ice and air), the microscopic interactions between the ice phase and the diffusing species are generally summarized in terms of a macroscopic effective diffusivity. The latter depends on the microstructure of the porous medium, which is described by its porosity, and by parameters reflecting the microscopic shape of the pores, such as the pore tortuosity or ellipticity. Hence, the effective diffusivity for species that do not chemically interact with the ice surface can be calculated from these geometrical parameters. However, if gases interact with the ice by physical adsorption or chemical reactions, these effects must also be accounted for when estimating the effective diffusivity. As atmospheric models cannot take into account such a level of detail, the homogenized description of the transport in terms of an effective diffusivity is necessary for any macroscopic modeling of gas-snow interaction.
[5] Up to now, only few measurements have been made to study the effective diffusivity of gases in snow [Solomon and Cerling, 1987; Choi et al., 2000; Albert and Shultz, 2002; Herbert et al., 2006] or firn [Schwander et al., 1988 [Schwander et al., , 1993 Fabre et al., 2000] .
[6] To our knowledge, only two controlled diffusion experiments with compounds interacting with snow were made. (1) Herbert et al. [2006] measured the distribution of anthropogenic chlorinated chemicals in fresh and old snow after exposing the snow to a defined concentration of these trace gases. From the vertical distribution as measured in the melted snow, they calculated the diffusivity using a semiempirical approach. (2) Choi et al. [2000] measured and modeled the reactive diffusion of SO 2 into wet snow, i.e., snow close to its melting point, containing some fraction of liquid water. They measured the vertical distribution of SO 2 in the melted snow and compared the measurements to a one dimensional model which considered (1) gas phase diffusion in the porous medium snow, expressed by an effective diffusivity that takes into account tortuosity of the pores, but no chemical retention, and (2) as independent process, the trace gas uptake into the liquid fraction in the snow. By estimating the independent model parameters effective gas phase diffusion coefficient, liquid water to air volume ratio, and concentration of oxidants, they achieved good agreement between modeled and measured concentrations. Nonetheless, no direct measurement of the effective diffusivity was done.
[7] Noninteracting gases have received more attention. Solomon and Cerling [1987] deduced the diffusion coefficient of CO 2 in snow from the vertical distribution of the gas phase concentration of CO 2 as measured directly within the snowpack. Albert and Shultz [2002] injected SF 6 into the headspace of a cylindrical sampler, closed on the top, which was pushed into the snow. The gas phase concentration of SF 6 was periodically measured in the headspace and its time dependence was used to calculate the diffusion coefficient of SF 6 . Schwander et al. [1988] and Fabre et al. [2000] inferred the diffusivity of CO 2 , CH 4 , O 2 , and SF 6 from the shape of the elution peak of a small amount of gas fed to a carrier gas flowing through the firn sample. Freitag et al. [2002] modeled the effective diffusivity based solely on a geometrical three dimensional reconstruction of the firn. They found a porosity-diffusivity relation that was similar to the measurements of Schwander et al. [1988] and Fabre et al. [2000] , and extended the measured relation to lower values of porosity. However, no direct comparison between measured and modeled diffusivities for the same snow was made.
[8] Studies on the interaction of trace gases with snow have been performed in packed ice beds or columns filled with natural snow [e.g., Clapsaddle and Lamb, 1989; Conklin et al., 1993; Bartels-Rausch et al., 2004; Kerbrat et al., 2010] . Here, the total trace gas uptake or the uptake kinetics was studied, and fundamental parameters of the trace gas-ice interaction were retrieved. However, as these studies were made with a gas flowing through the snow, no information can be gained about the gas phase diffusion through the snow.
[9] Nitrogen monoxide (NO) and nitrogen dioxide (NO 2 ), summarized as NO x hereafter, and nitrous acid (HONO) are important trace gases for air-snow interactions. These compounds are produced in the snowpack, where they play an important role for the ozone (O 3 ) budget (see Grannas et al. [2007] for a review). Nitrous acid photodissociates to form hydroxyl radicals ( . OH) and nitric oxide (NO). It therefore also enters the HO x cycle which is not yet fully understood in polar regions [Dominé and Shepson, 2002; Chen et al., 2004; Liao and Tan, 2008] . While NO and NO 2 are relatively inert regarding adsorption on ice [Sommerfeld et al., 1992; Bartels-Rausch et al., 2002] , HONO strongly interacts with the ice surface [Chu et al., 2000; Bartels-Rausch et al., 2002; Kerbrat et al., 2010] .
[10] In this paper, we introduce a new laboratory method to measure the effective diffusivity of nitrogen oxides in snow. Two complementary detection systems were used to monitor the diffusion processes in the snow sample. The two systems are adequate to cover the very different diffusion dynamics of NO x and HONO. In both cases, we propose a newly derived analytical solution to the diffusion problem, which was used to analyze our experimental data without the need of a numerical model. Complementary, X-ray microcomputed tomography (mCT) was used to obtain microstructural information like pore space tortuosity from the snow samples. We present results, based on measurements on two different snow types, namely fresh snow and old snow. The method presented here and its application to the effective diffusivity measurements we provide here will enhance modeling capabilities of atmosphere-snow exchange.
Experimental Setup
[11] The principle of the experiment was to provide a defined concentration of trace gas at the surface of a small snow sample placed in a special sample holder, denoted by snow diffusion chamber (SDC). The pressure in the system was set to 950 mbar, and the temperature ranged from 252 K to 269 K. A schematic of the experimental set up is shown in Figure 1 . Each measurement consisted of the following steps: The gas phase concentration of the investigated compound was monitored before exposure to the snow sample. The humid gas mixture, with its water content adjusted to match the equilibrium vapor concentration over the ice, containing $40 ppb of NO, NO 2 or HONO in He/N 2 /O 2 was then flown over the snow sample at a rate of 200 mL min
À1
. After exposure of the gas compound to the snow, a drop could be observed in the nitrogen oxide concentration measured downstream of the SDC. This drop, which was initially due to advection and later due to diffusion into the snow, can be analyzed to retrieve the effective diffusivity. Complementary, by using the positron emitter 13 N, the migration of the 13 N-labeled molecules can be followed in situ in the snow diffusion chamber by a coincident g counter.
[12] In the following paragraphs, we will describe the four different units of the system, namely the nitrogen oxide sources, the snow diffusion chamber, the snow samples and the detection systems.
2.1. Nitrogen Oxide Sources 2.1.1. Nitrogen Monoxide
[13] Stable nitrogen monoxide (or nitric oxide, NO) was supplied by a gas cylinder containing 10 ppm of NO in N 2 . The production of 13 N (t 1/2 = 10 min) has been described in detail elsewhere [Ammann, 2001] . Briefly, it is produced via the reaction 16 O(p, a) 13 N in a gas target, which was set up as a flow cell, through which 20% O 2 (5.5) in He(6.0) pass at 2 L min À1 at 2.4 atm. The gas target was continuously irradiated by 11 MeV protons provided by the accelerator facilities at Paul Scherrer Institut, Switzerland. The primary 13 N molecules and radicals were reduced to nitrogen monoxide over a Molybdenum catalyst at 380°C, immediately after the target cell. The resulting gas was continuously transported to the laboratory through a 580 m long capillary.
[14] Typically, the flow from the gas target injected into the system was 300 mL min
, to which a flow ranging from 1 to 10 mL min À1 from the NO gas cylinder was added. Note that all the flows given in this paper are normalized to the standard conditions of temperature and pressure and were controlled by mass flow controllers during the experiments.
Nitrogen Dioxide
[15] Nitrogen monoxide (stable and radioactive) molecules were oxidized to NO 2 by reaction with ozone in a 0.95 L glass reactor. The residence time in the reactor was adjusted to 2 minutes to allow complete conversion of NO to NO 2 . Ozone was obtained by irradiating a 100 mL min À1 oxygen/nitrogen mixture (O 2 /N 2 = 8:92) with a mercury penray UV lamp (l = 185 nm).
Nitrous Acid
[16] The production of HONO through the conversion of NO 2 over solid 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, purchased from Sigma Aldrich) was used as described previously [Kerbrat et al., 2010] .
[17] ABTS was coated on a quartz tube by applying a 3% aqueous solution and drying in N 2 . A humid N 2 flow of 100 mL min À1 (!28% RH at 23°C) was added to the $400 mL min À1 NO 2 flow before entering the ABTS denuder to reach the !5.5% humidity, which is needed for the reaction. For experiments at temperatures higher than 258 K, humidity in the ABTS could be set to more than 5.5% because the vapor pressure of ice was high enough whereas for temperatures lower than 258 K, the gas flow had to be diluted downstream of the ABTS so that the humidity matched the equilibrium vapor concentration over ice. The excess flow was pumped off upstream of the SDC so that only 200 mL min À1 was flowing over the snow sample. The conversion of NO 2 to HONO ranged between 30 and 100% depending on the quality of the ABTS coating and the humidity. The HONO production of the source was monitored using a commercial long path absorption photometer (LOPAP-O3) [Kleffmann et al., 2002; Kerbrat et al., 2010] .
Snow Diffusion Chamber
[18] The key entity of the set up was the sample holder. The design was similar to the sample holder described by Pinzer and Schneebeli [2009] , who optimized the thermal insulation of their sample holder while retaining compatibility with X-ray tomography. The similarity of the sample holders allowed comparison with mCT experiments made under the same boundary conditions. The only differences compared to the description of Pinzer and Schneebeli [2009] were the height of the sample chamber and the gas inlet on the top end of the sample holder, as described below.
[19] The sample holder was made of two aluminium cylinders having diameters of 65.4 and 53.0 mm, separated by open porous foam (Porextherm WDS Ultra). Aluminium was chosen because first it does not significantly absorb hard X-rays. Secondly it provides a relatively inert surface and should not influence the transport of the nitrogen oxides into the snow. Nonetheless, the aluminium was coated with a thin film of ice to completely avoid this possibility.
[20] The bottom end of the sample holder was closed with an aluminium block, which was sealed by freezing water at the connection. The top end was closed with a Teflon gas inlet. This inlet was designed to provide a reservoir of 102 cm 3 with a well defined mixture of carrier gas and trace gas. The gas mixture was entering the reservoir at a rate of 200 mL min À1 at the far end relative to the snow surface, while the outlet was located near the snow surface. This made sure that the turbulence introduced by the gas flow could settle, so that local gas velocities near the snow surface were low and avoided advection beyond the topmost millimeters of snow, in addition to diffusion. Note that this setup is not intended for measuring fast uptake to snow. We assume that on the relevant diffusion time scale, a steady state concentration is established near the snow surface. During an experiment, the sample holder assembly was introduced into a liquid cooled jacket whose temperature could be controlled down to À50°C. The constant pressure in the SDC (950 mbar) was ensured by a computer controlled pressure regulated mass flow controller (MFC). This has the advantage that any leak results in an increase of the MFC out flow and can therefore be easily detected.
Snow Types and Sampling Procedure
[21] Two different types of snow were prepared for the experiments: very fresh snow with high-porosity F (or volumetric air fraction) and aged snow with a rounded grain morphology and lower porosity. Both snow types originated from the same snow that was produced in the laboratory by mimicking the processes in a cloud: supersaturated air was blown through an array of thin nylon threads (acting as condensation nuclei), where ice crystals grew from the vapor phase. The crystals were sieved into styrofoam boxes and subsequently stored under defined conditions to control the extent of metamorphism (Table 1) . Removing the styrofoam boxes before the experiment delivered snow blocks of about 30 cm side length. The gravimetric density was determined by weighing. A core of 36 mm was taken from each batch and scanned in the mCT to determine the structural parameters of the pore space. Additional samples were taken for the diffusion experiments in the SDC described above. Cylindrical cores of 8 cm height were drilled from the snow blocks, and subsequently introduced into the SDC from the bottom, so that the upper surface (in contact with the gas later on) was not compressed, using a mechanical alignment tool to avoid tilting.
Tomography
[22] A Scanco mCT80 was used for the tomography scans. The nominal resolution (voxel size) was 10 mm for the fresh snow and 18 mm for the rounded snow (Figure 2 ), in accordance with the resolution study of Kerbrat et al. [2008] . The raw data were processed with a median filter (support 1) and a Gaussian filter (s = 1.0, support = 2), and segmented based on the histogram of the gray values. The structure parameters shown in Table 1 were extracted by image processing. Specific surface area (SSA) was determined by triangulation of the surface with a marching cube algorithm [Lorensen and Cline, 1987] . The mean thickness of ice (Ice.Th) and pore space (Ice.Sp) were calculated by inscribing maximum spheres and assigning to each voxel the radius of the biggest sphere it belonged to [Hildebrand and Rüegsegger, 1997] .
[23] To characterize transport properties like diffusion in porous media, the tortuosity factor t [Epstein, 1989] has proven to be a simple but powerful concept. It is modeled assuming a bundle of sinuous capillaries (representing the pore space), where t is the ratio of capillary length to sample length. Denoting the snow porosity by F, this model yields
The symbols used in the text are compiled in Table 2 .
[24] Once the structure of the pore space is known from a mCT image, the tortuosity factor of the pore space can be determined by a finite element simulation of the temperature field, as described by Kaempfer et al. [2005] . Since the mathematical formulations for particle diffusion and heat diffusion are identical, t determined with the temperature field is directly applicable for particle diffusion. Table 1 lists the tortuosities for the two snow types. As Epstein [1989] already pointed out, there is some confusion in the literature about the power of t in equation (1), which has to be considered when comparing numbers. Albert and Shultz [2002] state that the tortuosity of the ''surface wind pack'' (r % 280 kg m À3 ) they used for their experiments was %0.5, meaning the ratio of D eff to D. The corresponding numbers in our experiments are 0.74 for fresh snow and 0.54 for aged snow. Given that the density of the surface wind pack of Albert and Shultz [2002] was similar to our aged snow density, this tortuosity value compares well to our value. The empirical porosity-diffusivity relation of Freitag et al. [2002] predicts values of 0.73 and 0.49 for the fresh snow and aged snow ratio, respectively, which deviates by less than 5% from the simulated values.
Detection Systems 2.5.1. Coincident g Counter
[25] The use of short-lived 13 N isotopes allows monitoring the 13 NO, 13 NO 2 and HO 13 NO distribution along the snow sample. This is achieved by a coincident g counter which continuously scans the column. The characteristics of a similar detection system is given elsewhere [Ammann, 2001; Bartels-Rausch et al., 2002; Kerbrat et al., 2010] . In brief, the coincident g counter consists of two sodium iodide detector heads, 13 cm in diameter and 25 cm long, mounted face to face with a gap of 28 cm. The annihilation of the positron emitted in the decay of 13 N leads to emission of two coincident g rays in opposite directions. Therefore, the output of each detector is wired to a timing filter amplifier and constant fraction discriminator, and combined to a 
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PINZER ET AL.: DIFFUSION OF NO X AND HONO IN SNOW coincident counting unit with a logical AND unit. This allowed the determination of the spatial distribution of the labeled nitrogen oxide molecules along the snow diffusion chamber with very low background noise. Five centimeters thick lead collimators leaving a 3 mm wide slit were mounted in front of each detector to define the linear resolution.
Chemiluminescence Detector
[26] Parallel to the radioactive measurement, the gas phase concentration in the headspace above the snow sample of the different gases was monitored (see Figure 1 ) using a commercial chemiluminescence detector (CLD, Eco Physics, model CLD 77AM). The CLD being able to measure only NO, it was combined to an external molybdenum converter held at 380°C for the reduction of NO 2 or HONO to NO. The NO background in the NO 2 measurements was checked intermittently by bypassing the converter allowing only NO to be detected. For the HONO experiments, the fraction of NO 2 was checked by switching in a sodium carbonate (Na 2 CO 3 ) trap in front of the molybdenum converter [e.g., Allegrini et al., 1987; Ammann, 2001] .
Results and Discussion
[27] The two measurement systems described above provide complementary insight into the diffusion processes inside the snow diffusion chamber. While the CLD gives information about the total amount of the species that has diffused into the snow diffusion chamber after a certain time, the spatially resolved activity measurement reveals where the labeled species decays while traveling into the snow sample.
General Comparison of Detection Systems and Applicability to Different Nitrogen Oxides
[28] Typical results of both measurements are shown in Figures 3 and 4 . Figure 3 represents the NO measurements made by the chemiluminescence detector downstream of the SDC. For times t < 375 s, the gas mixture containing NO was not exposed to the snow sample. At t $ 375 s, the gas mixture was directed to the SDC. The drop of the NO concentration down to almost zero indicates that mass transport in the headspace above the snow sample was limiting the uptake for short time scales. Later, once the top layers in the snow had equilibrated with the gas phase concentration in the head space, uptake was due to diffusion. The concentration recovered to its initial value after about 2000 s. At that point, the sample holder was bypassed. We used the interval between 580 s and 1200 s to fit the theoretical curve to the measured values, as described in section 3.2. After 1200 s, the difference between the NO signal and the bypassed value was below the resolution of the CLD, therefore the values between 1200 and 2000 s were not used for the fit. The same feature could be seen for NO 2 whereas in the case of HONO, due to its strong interaction with ice, uptake persisted; that is, the HONO concentration after the SDC did not recover to its initial value even after several hours of exposure.
[29] In Figure 4 , typical measurements made by the coincident g counter, when the system is in steady state, are shown. The steady state was reached after 30 min of HONO exposure and the signal was further integrated during 30 min. On the ordinate the activity, which is proportional to the amount of 13 N, is plotted versus the depth x in the SDC. For 0 < x < 0.04 m, the coincident g counter was measuring the activity in the Teflon inlet and for x > 0.05 m, it was measuring the activity in the snow sample. From this measurement, it can be directly seen that HO 13 NO accumulated in the snow. Indeed, the activity measured in the Teflon inlet, which originated from gas phase HO 13 NO and from HO 13 NO adsorbed on the Teflon surface, was lower than the activity in the snow sample. This further allows to locate the interface gas/snow which can be clearly seen at 0.04 < x < 0.05 m. The width of the interface is mainly due to the fact that the axis of the SDC was not perfectly parallel to the axis of translation of the coincident g counter. Moreover, the snow sample being stored horizontally in the cooling jacket, snow crystals might have fallen into the Teflon inlet. In the snow sample, Figure 3 . Typical shape of the NO and HONO signals measured downstream of the SDC when they were exposed to the snow surface. The dip indicates the time when the valve to the snow diffusion chamber was opened and NO or HONO started to enter the snow column. The dotted lines indicate the region of the NO signal where equation (2) was fitted to determine the effective diffusion coefficient. In the case of HONO the SDC was bypassed at t $ 5000 s. NO in the sample holder as measured by the coincident g counter after exposing the snow to HONO. The interface gas/snow is found between the dotted lines. The dash-dotted line represents the fit of the migration profile using equation (6). Only the solid data points were taken into account for the fit. NO was migrating into the snow sample. Because 13 N has a half-life of t 1/2 % 10 min, the velocity of migration of HO 13 NO into the snow sample can be estimated using the decay rate as a clock.
[30] In the case of 13 NO and 13 NO 2 experiments, because their migration was fast, the amount of molecules and therefore the activity was homogeneously distributed all along the snow sample meaning that the time needed to reach the bottom of the SDC was significantly smaller than t 1/2 . The slight enhancement of the activity in the snow as compared to the activity in the Teflon inlet is likely due to the difference of density at these two different places. In the headspace which is filled with a gas at atmospheric pressure, the positrons have a mean free path in the meter range. Annihilation of the positrons leading to gamma emission will therefore happens on the walls of the inlet where the positron mean free path is on the order of a few hundred micrometers. In the snow sample annihilation likely occurs directly in the ice grains. This leads to a higher radiation intensity within the field of view from snow than from the walls surrounding the headspace. Therefore, the slight activity enhancement is not due to accumulation of NO x on the ice surface of snow. This physical reason is consistent with the fact that NO and NO 2 show the same behavior. Indeed, we would have expected that NO 2 would accumulate at the ice surface and contribute to more activity along the snow sample via hydrolysis to NO 2 À and NO 3 À . This is nonetheless clearly insignificant compared to the time scales of diffusion.
Diffusivity of NO and NO 2
[31] After the initial stage of advection, when the transport is determined by diffusion only, and if we assume that no interaction at all takes place at the ice-air interface, the uptake of NO x into the snow core is described by the theory of diffusion into a finite volume. Knowing the flux of molecules that diffuses into the finite snow column at the surface layer, the remaining gas phase concentration in the carrier gas can be calculated. Obviously, the remaining concentration depends on the flux F of the carrier gas and the dimensions of the sample holder, i.e., the air volume v exp of the sample holder and its length L. Following the steps in Appendix A, we find that the ratio of ingoing over outgoing concentration for long exposure times has to obey the second branch of equation (A6),
with a = D/L 2 .
[32] The effective diffusion constant was determined by fitting equation (2) [35] The correlation between predicted and measured values is shown in Figure 5 and values are given in Table 3 . The measurements of effective diffusivity mostly coincide with the expected values. This indicates that our apparatus bears no systematic errors and implies that (1) the tortuosity of porous materials can be inferred from the effective diffusivities measured in the SDC and (2) the effective diffusivity can be deduced with a spatial resolution of several millimeters from the tortuosity retrieved from tomographic images.
[36] Note that the derivation of equation (2) relies on the assumption that the concentration in the head space is well defined and constant. With the measured effective diffusivities, an a posteriori justification of this assumption is possible. In Appendix A, the expressions for incoming particle number and diffusing particle number are given. Inserting the highest measured effective diffusivity and the high porosity, we obtain a lower limit for this ratio. For the time range where we fitted equation (2) to our data, i.e., about 200 to 900 s after opening the valve, the incoming particle flux outnumbers the diffusing flux by a factor of Figure 5 . Diffusivity of NO and NO 2 compared with the calculated diffusivity (see section 3.2). The dashed line represents the 1:1 line. 1.00(±0.14) 1.07 a The effective diffusivities are also plotted in Figure 5 .
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PINZER ET AL.: DIFFUSION OF NO X AND HONO IN SNOW about 400 in the beginning and 1600 in the end. Therefore, we conclude that the concentration above the snow surface is not decreased significantly.
[37] Another possible artifact of the setup could be a wind pumping effect below the gas inlet, which would distort the concentration boundary condition above the snow surface. Such an effect is negligibly small, as can be shown by idealizing the incoming gas stream as an axisymmetric free jet. Such a jet has a Gaussian velocity profile that spreads linearly with the distance from the exit nozzle. With a Reynolds number of about 110 in the gas inlet, we can compare our jet to the measurements of low-velocity jets discussed by Malmstrom et al. [1997] . The centerline velocity of a stable jet usually decays with a 1/x profile [Malmstrom et al., 1997] . However, low-velocity jets are very unstable. The lowest Reynolds number cited in the compilation of Malmstrom et al. [1997] was 5000, and the lowest value measured by those authors was 20000, which is significantly higher than the value in our experiment. Therefore, our jet most probably had decayed before reaching the snow surface, which was at 4.6 cm or about 12 nozzle diameters from the inlet. Otherwise, the consequence of a small residual velocity would have been a slight shift of the concentration boundary condition into the snow, with a negligible systematic error.
Diffusivity of HONO
[38] The HONO concentration difference, which exists between the Teflon inlet and the bottom of the snow sample will lead to HONO transport through diffusion. However, unlike for NO and NO 2 , diffusion might be considerably slowed down due to the interactions of HONO with the ice. As shown in Appendix B, the gas phase concentration profile of the radioactively labeled HONO can be calculated by (3) is similar to the flow tube equation, which was used by Kerbrat et al. [2010] to analyze HONO experiments, where the flow of the carrier gas was driving the transport of HONO. This was taken into account by the term u gas [m s À1 ], which was the velocity of the carrier gas in the pore space of the packed bed. In the SDC experiments, this flow is not present and transport is driven by diffusion only. This is represented in equation (3) by the term D g,s,HONO . Because the transport of HONO through diffusion is not a linear process, a square root appears in the exponent.
Steady State Uptake Coefficient
[40] The steady state uptake coefficient, g SS,HONO in equation (3) is defined as the net flux density of molecules to the surface divided by the flux density of molecules colliding with the surface. It accounts for the adsorption and desorption processes, which take place on the ice surface, as well as the transfer to the bulk and the bulk diffusion processes. The g SS,HONO can be calculated from a mass balance at the surface. A detailed derivation was given by Kerbrat et al. [2010] . Under steady state conditions, we have
where K p 0 = (n s,HONO /n g,HONO )(A std /V std ), is the dimensionless standard adsorption partitioning coefficient. ] is the diffusion constant of HONO in the bulk of the ice matrix, can be used to model the uptake of gases into the bulk of the ice matrix [Huthwelker et al., 2001 [Huthwelker et al., , 2004 Kerbrat et al., 2010] . V std = 3.72 Â 10 À26 m 3 molecule À1 and A std = 6.21 Â 10 À17 m 2 molecule À1 are the standard conditions for a molecule in the gas phase and in the adsorbed phase, respectively, at 298.15 K and 101 325 Pa [Kemball and Rideal, 1946] .
Activity Along the Snow Diffusion Chamber
[41] In the case of radioactively labeled molecules, the measured activity in the snow sample originates from molecules in the gas phase, as described by the SDC equation and also from molecules taken up by the ice, as given by (for derivation, see Kerbrat et al. [2010] NO in the gas phase (equation (3)) and in the ice (equation (5)), weighted according to their volumetric contribution [Kerbrat et al., 2010] , and introducing D g,HONO according to equation (1), we obtain
which can be used to model the activity along the SDC.
[43] From equation (6), it can be seen that the transport of HONO into the snow depends on (1) the structure of snow through F, t, and SSA (which is equivalent to v exp /a exp ), (2) the diffusivity of HONO in the gas mixture of the experiment through D g,HONO and (3) the interactions of HONO with the snow through K p 0 and H* cc,HONO ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi D b;HONO p . The snow structure (and hence its porosity and tortuosity) of the snow sample used, was accurately measured by the mCT. The partitioning coefficient K p 0 has been previously measured in the case of ice [Chu et al., 2000; Kerbrat et al., 2010] and can be used here. In contrast, H* cc,HONO ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi D b;HONO p in the case of snow and D g,HONO for our He/N 2 gas mixture have not been measured. In a first approach, we will therefore derive an effective diffusivity from our experiments.
Effective Diffusivity
[44] As discussed above, the migration of HONO in snow depends on the snow structure, the diffusion constant in the gas mixture, and the interaction with the ice. We summarize these effects in an effective diffusion constant D* g,eff,HONO [m 2 s À1 ], which describes the observed net migration velocity. With equation (6), the time and spatial coordinate are coupled, and the effective diffusivity can be extracted,
[45] Equation (7) is equivalent to the equation provided by Herbert et al. [2006] , which was used to calculate the effective diffusivity of adsorbing gas diffusing through snow.
[46] The effective diffusivity can directly be retrieved from the migration profiles. This can be achieved by fitting a two parameter model of the type A(x) = A 0 exp(Àx/c), where c = (D* g,eff,HONO /l 13 N ) 1/2 is the e-folding depth. Before fitting, the background noise was subtracted from the measured activity signal. The background value was deduced from the activity measured close to the end of the snow sample, which was not reached by HO 13 NO, as well as from the activity measured at the empty tube downstream of the sample. Therefore, the last 4 cm of the coincident g-counter data points were used for the background determination. The result of such a fit is shown in Figure 4 (dash-dotted line, solid points were used in the fit). The fit starts at the first data point just after the peak maximum to avoid artifacts due to the width of the snowgas interface. Data points with an activity lower than 3s of the background noise were excluded from the fit. With our setup, we can study diffusion profiles at temperatures higher than 250 K. For lower ice temperatures, a strong dilution has to be made to dry the gas mixture after the ABTS (see section 2.1) leading to a low signal-to-noise ratio.
[47] Figure 6 and Table 4 show the temperature dependence of the effective diffusivity D* g,eff,HONO . It is about 100-300 times smaller than the diffusivity of NO x in the same sample. Interestingly, D* g,eff,HONO , which reflects both gas phase diffusion and uptake of the HONO molecules on the ice surface, does not feature any significant temperature dependence. Furthermore, there is no significant difference between the fresh and the aged snow. The reason might be that the snow surface area per volume is practically equal for both snow types. Aged snow is roughly twice as dense as the fresh snow, but has only 40% of the fresh snow SSA, hence the available ice surface per snow unit volume for aged snow is 80% of the fresh snow.
Estimation of the Steady State Partitioning Coefficient
[48] The partitioning coefficient, K p 0 , and H* cc,HONO ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi D b;HONO p can be gathered into the 13 N steady state partitioning coefficient. It is given by
This steady state partition coefficient for the labeled HONO molecules corresponds to the sum of the amount of molecules adsorbed at the ice surface in equilibrium with the interstitial gas phase and the amount of molecules diffusing into the bulk of the ice during the life time of 13 N. If we calculate D g,HONO at the temperature of the experiments using (1) the temperature dependence of diffusion coefficients given by Massman [1998] and ( Table 4 . Figure 6 and Figure 7 , respectively.
are not available, and thus we assume that the diffusion of HONO is reduced by about 40% when diffusing in a N 2 /O 2 / He mixture compared to the diffusion in pure helium, which yields a diffusion constant of 3.4 Â 10 À5 m 2 s À1 in N 2 .
[49] In Figure 7 , the temperature dependence of K p 13N,SS derived from D* g,eff,HONO is compared to the temperature dependence of K p 0 obtained from previous flow tube experiments [Kerbrat et al., 2010] . Within the experimental error, the K p 13N,SS values are similar to K p 0 . While the data points at T > 255 K are similar to the temperature dependence of K p 0 derived from flow tube experiments [Kerbrat et al., 2010; Chu et al., 2000] , the data at 250 K are below the expected trend. However, this might still be explained by experimental error.
[ [Kerbrat et al., 2010] , a strong deviation of K p 13N,SS from K p 0 was observed for high temperatures, i.e., T > 240 K. This meant that at high temperature, bulk uptake was playing an important role in the total uptake. Because we do not observe this deviation here, we deduce that bulk uptake, if it occurs, is not significantly contributing to the overall uptake. Bulk uptake seems to take place mainly in grain boundaries [Huthwelker et al., 2001] . In packed ice bed, the ice phase has approximately the configuration of close packed spheres, with a coordination number (both hcp and fcc) of 12 and therefore possibly has a high grain boundary density. In contrary, due to their low density, significantly less grain boundaries are expected in the snow samples used here. These structural differences might possibly be responsible for the different results observed for packed ice bed and our snow.
Conclusions
[52] We presented a setup that allows measuring the diffusivity in snow of noninteracting gases such as NO and NO 2 as well as the effective diffusivity of HONO, which strongly interacts with the ice.
[53] The noninteracting gases diffused readily into the snow and the concentration in the pore space was equilibrated within about 10 minutes. The time-dependent evolution of the NO x concentration downstream of the SDC could be used to determine the effective diffusivity of these gases. Theoretical values for the effective diffusivity were derived based on the tortuosity factor for the pore space calculated from the mCT images of the snow samples. The measured diffusivities compared well to the theoretical values. The agreement indicates that mCT images are well suited to determine effective pore space diffusivity, with a resolution on the order of millimeters. The radioactive steady state migration profiles of NO and NO 2 were flat, since the diffusion was fast enough to distribute the molecules over the complete sample within a time that was short compared to the decay rate of 13 N.
[54] Diffusion of HONO was considerably slowed down due to interactions with ice. Unlike NO x , the HONO gas phase concentration down stream of the SDC did not recover to its initial value after exposure to the snow (''infinite uptake''). The radioactive steady state migration profiles could be used to determine the effective diffusion constant. The effective diffusion coefficient of HONO in snow was about 100 times smaller than the value in air.
[55] The 13 N steady state partitioning coefficient, K p
13N,SS
retrieved from the activity signal is similar to the adsorption partitioning coefficient K p 0 , which was determined in previous flow tube experiments. From this comparison we could deduce that H* cc,HONO ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi D b;HONO p is small or equal to zero in the samples we used. In other words, if bulk uptake occurs, the latter does not significantly contribute to the overall uptake (adsorption and bulk diffusion) under the conditions and for the snow samples we used here. This difference between packed ice beds and snow may be due to the grain boundary area. We think that this parameter should be measured in future experiments.
[56] Any analytical device capable of measuring gas phase concentrations with a time resolution of at least 1 s can be connected to the SDC to measure the effective diffusivity of further noninteracting gas using the new method we propose here. For gases interacting with ice, the method can be used for further nitrogen compounds that can be synthesized from 13 NO, on line and in the gas phase. To date, the synthesis is established for HNO 3 , HNO 4 and PAN, and therefore measurements could be performed using these compounds. The PROTRAC facility allows the production of 11 C (t 1/2 = 20 min), which can be transported to the laboratory in the form of 11 CO. By establishing methods to produce organic molecules from 11 CO, on line and in the gas phase, experiments with compounds such as methanol, acetone, or formaldehyde could be envisaged. For very strongly interacting gases such as HNO 3 , the depth of penetration within the snow sample might be below the resolution. To allow precise measurements of the effective diffusivity, the depth resolution of the detection system, 3 mm to date, might have to be improved. The same considerations restrict the range of measurable snow types to open porous snow, since as the pores close off the diffusion falls below the resolution limit. Data obtained [Kerbrat et al., 2010] . Individual values are given in Table 4 . To obtain a closed form expression consider the limiting cases t! 0 and t ! 1. For short times, the above solution must be equal to the case of diffusion into a semiinfinite plane. For large times, the summands in equation (A3) become negligibly small and we can keep only the n = 0 term. The crossover time t = 0.2130 between the two regimes is determined by minimizing the relative deviation between the two branches (which is 2.6 Â 10 À6 at this t) 
[59] We can calculate the outgoing NO x concentration by balancing the incoming flux J in = c in F on the one side and outgoing flux j out = c out F plus diffusing flux j snow = _ N (t) = N 1 _ E(t) on the other side, the constant c, equation (3) is obtained, when the surface per pore volume, SSAr ice (1 À F)/F, is replaced by the more direct expression a exp /v exp , which has been used in other publications.
